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Optical conductivity [o"(cj)] of PrRu4Pi2 has been studied under high pressure to 14 GPa, at low 
temperatures to 8 K, and at photon energies 12 meV-1.1 eV. The energy gap in <t(uj) at ambient 
pressure, caused by a metal-insulator transition due to an unconventional charge-density- wave for- 
mation at 63 K, is gradually filled in with increasing pressure to 10 GPa. At 14 GPa and below 
30 K, <j(oj) exhibits a pronounced Drude-type component due to free carriers. This indicates that 
the initial insulating ground state at zero pressure has been turned into a metallic one at 14 GPa. 
This is consistent with a previous resistivity study under pressure, where the resistivity rapidly 
decreased with cooling below 30 K at 14 GPa. The evolution of electronic structure with pressure 
is discussed in terms of the hybridization between the 4/ and conduction electrons. 

PACS numbers: 



I. INTRODUCTION 

The metal-insulator (MI) transition in PrRu4Pi2 has 
attracted a great amount of attention since its discovery.— 
PrRu4Pi2 has the filled skuttcruditc structure, where a 
Pr atom is contained in a cage-shaped P12 molecule. Due 
to the large coordination number, the hybridization be- 
tween the Pr 4/ electrons and the conduction electrons, 
the latter of which are mainly P 3p electrons, is ex- 
pected to be stronger than in many other Pr compounds. 
This property has made PrRu4Pi2 an attractive stage 
to study the interaction between 4/ 2 configuration with 
the conduction electrons. The MI transition is observed 
at Tmi=63 K, below which the electrical resistivity (p) 
shows a sharp upturnj 1 -^ With a single crystal sample, p 
increased by a factor of ~ 400 from Tmi to 2 K<2 From 
the analysis of p(T) data, the magnitude of the energy 
gap was estimated to be ~ 7 meVi In addition, the de- 
velopment of an energy gap was clearly observed in the 
measured optical conductivity spectrum^ 

In discussing the mechanism for this transition, it was 
pointed out from band calculations that the Fermi surface 
(FS) of PrRu4Pi2 should have a cube-like shape, with a 
strong tendency for three dimensional (3D) nesting. 4,5 



In fact, superlattice formation below Tmi was observed 
by diffraction experiments.- However, the non-magnetic 
reference LaRu4Pi2 did not show a similar transition, 
although a very similar FS was expected^ 5 - This fact, 
together with the neutron^ and Raman 9 experiments, 
strongly suggested the importance of conduction (c)-f 
electron hybridization in the MI transition. With theo- 
retical considerations) 1 ^— it is currently believed that 
a novel charge density wave (CDW) formation is re- 
sponsible for the MI transition. Unlike the conventional 
CDW where the spatial modulation is provided by strong 
electron-lattice coupling, in the CDW of PrRu4Pi2 the 
modulation is provided by the formation of two Pr sub- 
lattices, where the crystal field-split 4/ level scheme in 
one sublattice is different from that in the other Z~— The 
microscopic nature of the c-f hybridized electronic struc- 
ture deserves further studies. 

The MI transition in PrRu4Pi2 has been found to be 
sensitive to external pressure (P)*£r— With increasing 
P up to 8 GPa, the increase of p below Tmi becomes 
gradually smaller^ At 12 GPa, a small upturn of p is 
still seen below ~ 60 K, but a rapid decrease of p follows 
with further cooling below 30 K.— An external pressure 
is expected to reduce both the Pr-P and Pr-Pr distances, 
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and is hence expected to affect the of hybridization and 
the CDW state. It is therefore quite interesting to probe 
the evolution of cr{oS) with P. 

In this work, we have studied cr(u>) of PrRu4Pi2 under 
high pressure to 14 GPa and at low temperatures (T) 
to 8 K. The obtained <x(w) spectra show that the well 
developed energy gap at ambient pressure and at low 
T is gradually filled in with increasing pressure up to 
10 GPa. At 14 GPa and at 8 K, the energy gap is almost 
absent and cr(ui) shows a pronounced Drude-type spectral 
shape due to free carriers. This result indicates that the 
electronic structure of PrRu4Pi2 at this P and T range 
is indeed metallic. 



II. EXPERIMENTAL 

cr(w) of a sample at high pressure was obtained from 
the analysis of a reflectance spectrum, R(u)), measured 
with a diamond anvil cell (DAC).— ~— A pair of diamond 
anvils with 0.6 mm culet diameter and a metal gasket 
(stainless steel 301) were used to seal the sample, pres- 
sure transmitting medium, and small ruby pieces used 
to monitor the pressure via its fluorescence.— A flat, as- 
grown surface of a single crystal sample 2 - was closely at- 
tached on the culet surface of the anvil, which was of 
type Ha with low density of impurities. The pressure- 
transmitting medium used was glycerin.— A gold film 
was also placed between the gasket and anvil as a refer- 
ence of reflectance. Due to the small size of the sample 
and the restricted sample space in a DAC, synchrotron 
radiation was used as a highly oriented and bright in- 
frared (IR) source. The high pressure studies were made 
mainly at the beam line BL43IR of SPring- 8 22 ' 23 at pho- 
ton energies between 20 meV and 1.1 eV. Above 1.1 eV, 
the reflectance at ambient temperature and pressure^ was 
used. Additional measurements at lower photon ener- 
gies to 12 meV were also made at the beam line U2A 
of National Synchrotron Light Source.— In the experi- 
ments, the pressure was increased at room T to a de- 
sired value, and then T was lowered while keeping the 
desired pressure. A liquid He continuous-flow cryostat 
was used to cool the DAC. More details of the high pres- 
sure IR experiments can be found elsewhere,^^^ The 
R(oj) measurement without using a DAC was previously 
described j22t-22 



III. RESULTS AND DISCUSSION 

A. R(ui) data at high pressure 

Figure 1 summarizes R(oj) data measured at P=0, 
8, 10, and 14 GPa. These spectra were obtained with 
the following procedures. The reflectance in vacuum, 
i?o(w), were first measured without using a DAC over 
a wide photon energy range between 6 meV and 30 eY£ 
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FIG. 1: (color online) Optical reflectance relative to diamond 
[-Rd(i^)] of PrRu4Pi2 at several pressures and temperatures. 
The broken curves indicate the extrapolations discussed in 
the text. The spectra in (a) were derived from previous data 
measured at zero external pressure)- and those in (b)-(d) were 
obtained in this work. 



The usual Kramers-Kronig (KK) transfor m 28 ' 29 was ap- 
plied to the Ro(uj) to obtain the complex refractive index 
rt(cj). h(uj) was then used to derive the reflectance spec- 
trum, i?d(^), that was expectedin a DAC, taking into ac- 
count the refractive index of diamond (2.4) as previously 
discussed^iii 9 .^ The R d (uj) data at P=0 in Fig. 1(a) 
are the results of this analysis. In the high pressure stud- 
ies, the relative changes of i?d(^) with varying P and T 
were measured with DAC, and were then multiplied by 
the expected Rd(oj) at P=0 discussed above, to obtain 
the i?d(w) spectra at high pressure. This procedure was 
taken since it was technically difficult to accurately de- 
termine the absolute value of i?d(w) in a DAC, due to 
strong diffraction of the long wavelength IR radiation off 
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the small sampled For technical reason, lower-energy 
measurements to 12 meV were made only at T—8, 40, 
and 60 K and at P— 8 and 14 GPa. For other values 
of T and P, the measurements were made to 20 meV 
only. In the P=0 data of Fig. 1(a), J?d(w) progressively 
decreases with cooling below 60 K. This is due to the de- 
velopment of energy gap upon the MI transition^ At P= 
8 GPa, a decrease of Rd(v) with cooling is still observed, 
but is much less pronounced below 40 K and 20 meV. 
At 10 GPa, the data are very similar to those at 8 GPa. 
At 14 GPa, however, the decrease of i?d( w ) with cooling 
from 60 to 30 K is much smaller than those seen at lower 
P, and then Rd(uj) considerably increases with cooling 
from 30 to 8 K££ It is quite clear that the T dependence 
at 14 GPa is qualitatively very different from those at 
lower P. 



B. ct(cj) data at high pressure 

To derive ct(cj) from the i?d(w) data at high pressure 
measured with DAC, a modified KK analysis was per- 
formed on Rd(u)) taking into account the effects of sam- 
ple/diamond interface as previously described in detail. 32 
To extrapolate the measured Rd(^>) spectra at the lower 
energy end, a Hagen-Rubens functio n 28 ! 29 was used. At 
the higher energy side, Rd(uj) spectra were cut off at 
2.2 eV, above which they were extrapolated with a func- 
tion of the form w -4 . The cutoff energy of 2.2 eV was 
chosen so that the <j(u>) obtained from the modified KK 
analysis of the expected Rd(u>) at ambient [Fig. 1(a)] 
agreed with that obtained from the usual KK analysis 
of i?o( w ) up to 30 eV measured without DAC<22 

Figure 2 summarizes the obtained ct(w) spectra at high 
pressure. (The P=0 data were obtained from Rq(uj) with 
the usual KK analysis.) At P—0, <t(ui) shows a rapid 
decrease and depletion of spectral weight below 40 meV 
with cooling, and at 8 K, it shows a well developed energy 
gap as described previouslyf 3 - (Note that each spectrum 
in Fig. 2 is vertically offset for clarity.) The onset of <j(ui) 
suggests a gap magnitude of about 10 meV, which is close 
to the transport gap of 7 meV given by p(T)X In addi- 
tion to the gap, a broad peak centered around 50 meV 
is observed, where sharp optical phonon peaks are su- 
perimposed. This broad peak should result from optical 
excitation of electrons across the energy gap, and will be 
referred to as the "gap excitation peak" . At 8 GPa, <j{oS) 
below 50 meV still shows spectral depletion with cooling, 
similar to that at P=0. However, the depletion is now 
smaller than at P=0 and <t(w) does not approach zero 
at the low-energy side. Namely, c(w) at 8 GPa has only 
an incomplete, partially filled energy gap even at low T. 
a(uj) at 10 GPa shows similar T evolutions to those at 
8 GPa. ct(uj) at 14 GPa, however, shows very different 
T evolutions. Namely, <r(u>) at 14 GPa shows only small 
spectral depletion with cooling at T=30-50 K. At 8 K, 
then, <t(ui) shows a marked increase toward zero energy, 
which is clearly a free carrier component due to Drudc- 
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FIG. 2: (color online) Optical conductivity (a) of PrRu4Pi2 at 
different pressures and temperatures. For clarity, each spec- 
trum is vertically offset by 500 f2 _1 cm _1 . The thin curves 
correspond to the extrapolated portion of Rd(to). The broken 
curves indicate the results of Drude-Lorentz spectral fitting 
for the 8 K data discussed in the text. 



type response, and it does not show a clear energy gap 
any more. Furthermore, the phonon peaks in ct(w) have 
become much weaker, which should result from an in- 
creased Coulomb screening of polarization due to a larger 
number of free carriers. Clearly, the electronic structure 
of PrRu4Pi2 at 14 GPa and 8 K is metallic. 

The observed P and T evolutions of <t(uj) show good 
correspondence with those of p(T)i 13 i 14 Namely, the steep 
rise of p{T) below Tmi at P=0 is progressively suppressed 
with increasing P. — This is most likely due to the filling 
of energy gap with P observed in <j(ui). On the other 
hand, the upturn of p(T) is still observed near 60 K even 
at 8 GPa^ which is consistent with the result that spec- 
tral depletion in <t(ui) is still clearly observed at 8 GPa. 
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FIG. 3: (color online) Optical conductivity (a) of PrRu4Pi2 
at 8 K and at different pressures. The broken portion of the 
spectra indicates the extrapolated range. 



At 14 GPa, p(T) still shows small increase with cooling 
at 30-60 K range, but it then rapidly decreases with fur- 
ther cooling. These behaviors of p(T) again correspond 
well to the T variation of <j(uj). Namely, a(oj) still shows 
a small depletion below 40 meV with cooling from 50 to 
30 K, but then shows a strong Drude-type component at 
8 K. Namely, both p(T) and a(u>) at 14 GPa still seem to 
show a tendency toward gap formation at 30-60 K range, 
but then they show very metallic characteristics at 8 K. 

Figure 3 shows the P dependence of ct(uj) at 8 K. With 
increasing P, the filling of energy gap and the transfer of 
spectral weight arc evident. To analyze these evolutions 
more quantitatively, we have performed a Drude-Lorentz 
spectral fitting^^ The fitting model for a Lorentz os- 
cillator is expressed as 

i \ 7^ 2 m 
<J(UJ) = -^-r^ ^ 5—^, (1) 

47T (id 2 - LO 2 ) 2 +J 2 L0 2 y ' 

where ui p is the plasma frequency and 7 is the damp- 
ing (scattering) frequency. The Drude oscillator is given 
by setting loq=0. In the fitting, a linear combination of 
several oscillators was used, and the sharp phonon peaks 
were not taken into account. The results of the fitting are 
indicated by the broken curves in Fig. 2. The peak posi- 
tion (uj ) and the spectral weight [S, which is the area of 
<j(ui)] of the oscillators resulting from the fitting are plot- 
ted in Fig. 4. As indicated in Fig. 2, three Lorentz oscilla- 
tors (denoted as LI, L2, and L3 in Fig. 4) were necessary 
to systematically fit the gap excitation peak at different 
P. Lorentz oscillators were necessary even for the 14 GPa 
data, where the Drude component was dominant. To de- 
termine the position of the gap excitation peak and its 
shifts with P, we adapted a previously reported method 
used to analyze a CDW gapi^ir— Namely, the center-of- 
mass energy (wcm) of the three Lorentz oscillators used 
in the fitting, defined as wcm = Si w o,i5'i/ Si &i where 
i denotes LI, L2, and L3, was regarded as the peak posi- 
tion. As shown in Fig. 4, the obtained wcm decreases only 
slightly with P even at 14 GPa. In contrast, S (Lorentz 
total) decreases much more strongly with P. In addition, 
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FIG. 4: (a) The peak position (wo) and (b) the spectral 
weight (S) of the Lorentz and Drude oscillators, which were 
obtained from the spectral fitting indicated in Fig. 2, plotted 
as a function of pressure. LI, L2, and L3 denote the three 
Lorentz oscillators in Fig. 2. 



the combined (Drude + Lorentz) S also decreases with 
P, which suggests a spectral weight transfer to above the 
mid-infrared range. 

The transfer of spectral weight in <j{uj) can also be dis- 
cussed using the effective carrier density N* = n/m*, 
where n and m* are the density and effective mass of the 
electrons. N* contributing to (j(uj) below lo is given by 
N*(w) = (2m /7re 2 ) f£ a(w')du'. Figure 5 plots N*(uj) 
at various values of P and T. At P—0 [Fig. 5(a)], the 
depletion of spectral weight with gap opening at low T 
significantly decreases N*(u). In addition, the N*(u>) 
spectra at different temperatures almost merge at 0.2- 
0.3 eV range. The energy range indicated by the circle 
in Fig. 5(a) shows such a merging. Note that the merg- 
ing energy is a few times larger than luqm, and that the 
N* lost by the gap formation does not recover until such 
high energies. This unusual result may also indicate an 
unconventional nature of this transition. With increas- 
ing P, the merging energy is seen to shift to lower en- 
ergy, as indicated in Figs. 5(b)-5(d). This shift shows 
that the energy range of spectral weight redistribution 
is also decreased as the energy gap is filled in with P. 
Note that, at 14 GPa, N*(lj) still decreases from 50 K 
to 30 K, which corresponds to the above-mentioned, re- 
maining tendency toward gap formation. Note also that 
the N*(uj) value above the merging energy decreases at 
high P, which corresponds to the result in Fig. 4 that the 
total (Drude+Lorentz) S decreases with P. 



C. Microscopic consideration on the energy gap 
and CDW state 

As already mentioned, the magnitude of transport gap 
at P=0 given by p{T) data is E g =7 meVji and the onset 
of a(u>) is at ~ 10 meV. E g and the onset energy are 
close to each other, and they should correspond to a gap 
in the total density of states (DOS). In contrast, wcm ~ 
70 meV of the gap excitation peak is much larger. Since 
the relationship between E g and wcm is unclear from the 
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FIG. 5: (color online) Effective carrier density 7V*(cj) of 
PrRu4Pi2. The graphs (a)-(d) show the T dependences at 
a fixed pressure, while (e) shows the pressure dependence at 
8 K. The circles indicate the energy ranges where the N*(lo) 
spectra at different temperatures merge, as discussed in the 
text. In (d), the 50 K spectrum is not shown since it almost 
overlaps with the 60 K spectrum. 



<j(lu) data only, we shall compare them with the results 
of microscopic theories In the theory of Ref. [H, the 
Hamiltonian for PrRu4Pi2 contains the c-f hybridization 
energy (J), the bare crystal field (CF) at the Pr site (Ao), 
and the intersite /-/ coupling energy (K) as the relevant 
parameters. For simplicity, only two levels among the 
CF-split multiplets of Pr 4/ 2 , namely the singlet (Fi) and 
triplet (r4) levels, are assumed as the / electron states^ 
This choice is made since they are the two lowest-lying 
CF levels observed experimentally^— Above Tq, all the 
Pr atoms are equivalent with singlet ground state. At 
T=0, due to the 3D nesting of FS and the c-f hybridiza- 
tion, the ground state of this Hamiltonian is a CDW with 
two inequivalent Pr sublattices having triplet and singlet 
ground states.— 

The phase diagram derived from the above modeU^ 
is schematically shown in Fig. 6(a). It is obtained from 
the mean-field (MF) solution to the Hamiltonian, and 
is expressed in terms of T and the effective CF, A = 
A — J + \K. Note that, for a range of A, there is a 
possibility of successive, reentrant phase transitions with 
cooling. The DOS as a function of energy, D(E), at 




FIG. 6: (color online) Schematic illustrations of theoretical 
predictions in Ref. [T2- (a) Phase diagram of PrRu4Pi2 in 
terms of T and the effective crystal field, A = Ao — J + jK. 
The three horizontal lines indicate the suggested positions of 
0, 10, and 14 GPa. (b) Density of states as a function of 
energy \D(E)] around the Fermi level (Ef) at T—0 (given by 
MF theory), at a low but finite T (0 < T < Tc), and just 
below Tc (T < Tc). The horizontal (red) arrow indicates an 
optical transition for the gap excitation peak in cr(ui). The 
original D(E) in Ref. is asymmetric about Ef, but here it 
is drawn symmetrically for simplicity. 



finite T is calculated with the coherent potential approx- 
imation, taking into account the thermal fluctuation of 
/ electron between the two CF levels The predicted 
D(E) is schematically shown in Fig. 6(b). It is seen that, 
with increasing T, the sharp DOS peaks associated with 
the T=0 (MF) gap are broadened, and the gap magnitude 
becomes much smaller, due to the thermal fluctuations. 
Clearly, the smaller gap in the total DOS should corre- 
spond to the transport gap and the onset of <j(lu). The 
optical transition between the remaining peaks in the 
DOS, indicated by the horizontal (red) arrow in Fig. 6(b), 
corresponds well to the observed gap excitation peak in 
<j(cj). In fact, the calculated <j(cj) shows a broad peak 
and an onset ^ where the peak energy of the former is 
several times larger than the latter in good agreement 
with the measured a(u>). The magnitude of CDW gap 
given by the MF theory is 3.5 feeler^ which is 19 meV 
from Tc=63 K. Hence, the observed onset of 10 meV is 
about twice smaller, and wqm about three times larger, 
than the MF gap. 

Note that the wide MF gap with the 8 function-like 
peaks in DOS, predicted at T=0 as shown in Fig. 6(b), is 
never realized experimentally with real materials, even if 
<j(uj) is measured at much lower T than 8 K. This is due 
to broadening casued by various extrinsic factors, such 
as crystal imperfection, present in real materials. Hence, 
the observed smaller transport gap than wcm should be 
a result of a combination of such broadenings and the 
thermal fluctuation of the / electrons discussed above. 
In any case, the model clearly shows that the evolution 
of the transport gap is not necessarily synchronous with 
that of the peak in a(cj). In particular, even when the 
transport gap is already suppressed, a peak in <t(uj) may 
still remain, if the peak in DOS still exists. Such a situa- 
tion may correspond to the observed a(ui) at 14 GPa and 
8 K: namely, although the Drude component is dominant 
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and there is no clear energy gap, a Lorentz component 
is still present, as already discussed. The presence of a 
peak in a(oj) does not necessarily indicates the presence 
of a gap in the total DOS. 

External pressure decreases the Pr-P distance, which 
should apparently increase Ao, and should also increase 
J since the c electrons are from the P 3p state4£ In 
addition, the pressure also decreases the Pr-Pr distance, 
which should increase the intersite coupling K. There- 
fore, external pressure should affect all of J, Ao and K, so 
it is not obvious how the effective CF, A = Ao — J+ jK, 
changes with pressure. However, it has been suggested 
that the pressure should in fact increase A^ based 
on comparison between the predicted phase diagram 
[Fig. 6(a)] and the p(T) data under pressure. This also 
applies well to cr(cj) data, since the T and P variations of 
cr(w) show very good correspondence with those of p(T), 
as already discussed. Note that the phase boundary near 
the vertical axis in Fig. 6(a) is predicted to be of first 
order H This seems consistent with the R(oj) and a(uj) 
data at 14 GPa since the changes (increases) in Ra(u}) 
and ct(w) from 30 to 8 K are much larger than the gradual 
changes from 60 to 30 K. Based on these considerations, 
suggested lines corresponding to P=0, 10, and 14 GPa 
are schematically indicated in Fig. 6(a). From the the- 
ory, it is expected that the gap excitation peak should 
shift to lower energy with increasing A, and hence with 
increasing PJ£ This is in contrast to the observed, only 
slight decrease of wcm with P. This will be discussed 
again later. 

D. Comparison with other CDW systems 

Optical responses of more conventional CDW states 
driven by electron-lattice coupling have been studied 
extensively— For example, cr(u>) of a series of compounds 
i?Te3 (R: rare earths) have been studied recently; 3 -^— 
A peak was commonly observed in their <j(uj) spectra, 
whose energy was identified as the CDW gap magnitude. 
The peak shifted to lower energy, and hence the CDW 
gap decreased, with lattice contraction given by differ- 
ent R element a 34 ' 35 and also by external pressure £5r— In 
contrast, as already mentioned, the gap excitation peak 
of PrRu4Pi2 decreases only slightly with P. The reason 
for this behavior is unclear at the present, and it may 
point to the unconventional nature of CDW state in this 
compound. The almost unshifted gap excitation peak 
and the progressive decrease of its spectral weight with P 
may suggest a possibility that, while the gap magnitude 
remains unchanged, the fraction of FS that is gapped 
may decrease with P. Such a concept has been applied 
to analyze the optical data of the RTe^ compounds j 3 ^— 



In the case of i?Te3 with layered crystal structure, the 
CDW had a strong 2D character, driven by a 2D nesting 
of FS. As a result, the FS nesting was not complete and 
only a part of FS was gapped. In contrast, the nesting 
in PrRu4Pi2 is of 3D character^ as already mentioned, 
and the energy gap at P—0 is a full gap over the entire 
FS. Therefore, the above mentioned situation, namely 
the gap survives at some portion of the FS while it closes 
at other portion, seems unlikely for PrRu4Pi2. 

Finally, it is also unlikely that the suppression of CDW 
state in PrRu4Pi2 is driven by a change of FS topology by 
pressure. In the pressure range of this work, PrRu4Pi2 
does not undergo a structural phase transition and its 
crystal symmetry is unchanged with pressure. Although 
other parameters such as Ao , J and K may change with 
pressure, the FS topology itself and the tendency for nest- 
ing should basically remain unchanged^ This may be 
also different from the cases of ID and 2D CDW com- 
pounds, where the low dimensionality may play an ad- 
ditional role for the external pressure to affect the FS 
topology. 



IV. CONCLUSION 

The <j(ui) spectrum of PrRu4Pi2 has been measured 
under high pressure to 14 GPa and at low temperatures 
to 8 K, over a photon energy range of 12 me V- 1.1 eV. 
The energy gap in <t(w) associated with the insulating, 
unconventional CDW state at ambient pressure is pro- 
gressively filled in with increasing pressure. At 14 GPa 
and 8 K, a{ui) exhibits a strong Drude component due to 
free carriers, and the energy gap is almost absent. Our 
finding confirms the appearance of metallic state that 
had been suggested by p(T) data under pressure. Effects 
of pressure on the c-f hybridization and the unconven- 
tional CDW state has been discussed based on our data 
as well as microscopic theories for PrRu4Pi2- 
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